Purpose: To assess gastrointestinal (GI) and genitourinary (GU) adverse events (AEs) of 11 Ccholine-positron emission tomography (CholPET) guided lymph node (LN) radiation therapy (RT) in patients who experience biochemical failure after radical prostatectomy. Methods and Materials: From 2013 to 2016, 107 patients experienced biochemical failure of prostate cancer, had CholPET-detected pelvic and/or paraortic LN recurrence, and were referred for RT. Patients received androgen suppression and CholPET guided LN RT (median dose, 45 Gy) with a simultaneous integrated boost to CholPET-avid sites (median dose, 56.25 Gy), all in 25 fractions. RT-naïve patients had the prostatic fossa included in the initial treatment volumes followed by a sequential boost (median dose, 68 Gy). GI and GU AEs were reported per Common Terminology Criteria for Adverse Events (version 4.0) with data gathered retrospectively. Differences in maximum GI and GU AEs at baseline, immediately post-RT, and at early (median, 4 months) and late (median, 14 months) follow-up were assessed.
Introduction
Prostate cancer is one of the most common malignancies among men worldwide and is a common cause of cancer-related death. 1 After initial treatment, prostate cancer recurrence is often heralded by a rising serum prostate-specific antigen (PSA). Advances in prostate cancerespecific positron emission tomography (pcPET), such as 11 C-choline-PET/CT (CholPET), have permitted the localization of sites of prostate cancer recurrence in men who have experienced biochemical failure (BF) after radical prostatectomy (RP). [2] [3] [4] [5] [6] These advances in pcPET allow for novel interventional strategies designed to improve survival or reduce recurrence rates in patients with isolated nodal recurrence or oligometastatic disease. 7-10 However, salvage pelvic or paraortic (PA) nodal radiation therapy (RT) may cause early and late gastrointestinal (GI) adverse events (AEs) given the potentially large RT fields. 11 Historical studies evaluating the role of 2-dimensional or 3-dimensional conformal pelvic AE PA nodal RT in genitourinary (GU) or gynecologic malignancies have reported rates of grade 2 GI AEs as high as 40% and grade 3 or higher rates of 1% to 5% with pelvic RT or 1% to 10% with pelvic and PA RT (Table 1) . [12] [13] [14] [15] [16] [17] [18] However, with improved understanding of GI tissue tolerances and advancements in treatment techniques such as image guided intensity modulated RT, it is reasonable to expect that contemporary pelvic or PA nodal RT would be associated with lower rates of AEs compared with historical series.
Recently, several series evaluating the role of salvage pelvic or PA nodal RT for CholPET-detected pelvic or PA nodal recurrence have been reported. [7] [8] [9] [10] Although they have small sample sizes and significant heterogeneity in treatment-related characteristics, these series have found low rates of grade 2 or 3 AEs for patients receiving RT, with promising oncologic efficacy. These data, along with others, have stimulated interest in evaluating this strategy in prospective studies. 8, 19 The primary purpose of this study is to evaluate the rates of GI and GU AEs within a large observational series of patients who experienced BF after RP and received androgen suppression (AS) with pelvic and/or PA nodal RT using CholPET guided simultaneous integrated boost (SIB).
Methods and Materials

Patient population
From 2013 to 2016, 107 patients experienced BF (PSA >0.2 ng/mL) of prostate cancer after prostatectomy with or without previous RT to the prostatic fossa, had CholPET-detected prostate cancer recurrence limited to the pelvis and/or PA LNs, and were referred for radiotherapeutic management. Patients with osseous, visceral, or other distant metastases were excluded. When feasible, histologic confirmation of CholPET-avid disease was performed either through CT or ultrasound guided biopsy or lymph node dissection (LND). In circumstances in which a biopsy specimen was unobtainable or nondiagnostic, a diagnosis of nodal disease was made by interval CholPET assessment of treatment response to AS before delivery of RT. Clinical, biochemical, and pathologic features of the patients are summarized in Table 2 .
Treatment techniques
After 2 to 4 months of neoadjuvant AS, all patients underwent CT-based simulation, with the CholPET registered to the planning CT scan for accurate target delineation. Table 3 provides a detailed description of RT target volumes and treatment techniques. Dose-volume histogram (DVH) analysis was undertaken to limit radiation dose to organs at risk (OARs), including analyses of small and large bowel, rectum, urinary bladder, kidneys, femoral heads, and spinal cord/cauda equina with dose constraints modified from contemporary published guidelines. 11 DVH constraints and plan statistics for small bowel, the chief dose-limiting organ, are also provided in Table 3 .
RT treatment fields were determined based on location of CholPET-detected nodal recurrence with consideration of previous RT treatment to minimize field overlap. Generally patients received elective pelvic nodal RT, or in the case of CholPET-detected PA nodal recurrence, pelvic þ PA nodal RT. Elective target volumes were defined as clinical target volume 1 (CTV1). The gross CholPET-avid disease with a 5 to 10 mm expansion was targeted as CTV2. A 5-mm expansion was added to each CTV to generate a planning target volume (PTV). Median RT dose to PTV1 was 45 Gy, whereas PTV2 simultaneously received a median dose of 56.25 Gy (range, 50-62.5 Gy) all in 25 fractions (Fig 1) . In those with previous RT to the prostatic fossa, the inferior RT field border was matched with previous RT fields. In RT-naïve patients, the prostatic fossa was included in CTV1, followed by a sequential boost to a median dose of 68 Gy.
Patients received AS for 2 to 4 months before RT, concurrently with RT, and adjuvantly, with a minimum goal of 12 to 18 months in total duration. Longer-term AS was administered per clinical discretion and patient tolerance. Ninety-five percent of patients received gonadotropin-releasing-hormone receptor agonists or antagonists.
AE assessment
Patients were assessed prospectively by their treating providers for GI AEs (diarrhea, fecal incontinence, proctitis, rectal hemorrhage, rectal stenosis, rectal ulceration, and small bowel obstruction) and nonerectile GU AEs (bladder spasm, noninfective cystitis, hematuria, urinary frequency, urinary incontinence, urinary retention, urinary tract obstruction, urinary tract pain, and urinary urgency) before initiation, during RT, and immediately after RT delivery, with grading of AEs per Common Terminology Criteria for Adverse Events (version 4.0). Patients were monitored in a prospective manner at 3-to 6-month intervals with data gathered retrospectively. Maximum GI and GU AE was recorded and used for analysis. Early AEs were defined as those that occurred between 1 to 8 months, with late AEs defined as those occurring between >8 and 36 months.
Statistical analysis
The analysis was performed using SAS version 9.4 (SAS Institute Inc, Cary, NC, USA), with P < .05 denoting statistical significance. The Wilcoxon rank sum test and Wilcoxon signed rank test were used to test for a significant change in GI or GU AEs among baseline, immediately post-RT, and early (median, 4 months) and late (median, 14 months) follow-up and for a significant difference in the number of patients experiencing increased AEs at each follow-up relative to baseline. Patients with missing data at post-RT or early or late followup were excluded from these comparisons. Univariate methods were used to evaluate whether treatment characteristics including prior salvage LND, prior receipt of chemotherapy, or inclusion of the prostatic fossa at the time of CholPET were associated with GI or GU AEs. Inclusion of PA nodal fields and small bowel dosimetric parameters were assessed for an association with GI AEs. When comparing all other continuous variables among groups, the Student's t test was used.
Results
GI/GU AEs
Baseline patient characteristics are shown in Table 2 . Median follow-up was 16 months (interquartile range [IQR], [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , with median early AE assessments and late AE assessments occurring at 4 months (IQR, 3-5) and 14 months (IQR, 12-17), respectively. Eighty-six patients remained (81%) on AS at the time of last follow-up after salvage nodal radiation, with a median duration of adjuvant AS of 16 months (IQR, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
GI and GU AEs at baseline, immediately post-RT, and at early (median, 4 months) and late AE assessment (median, 14 months) are shown in Table 4 and Figure 2 . Grade 1 to 2 GI AEs occurred in 51.9% of patients (4.7% of patients experienced grade 2) post-RT compared with 8.4% at baseline (P < .01). These differences resolved by 4-month (12.2%, P Z .65) and 14-month AE assessment (9.1%, P Z .87). Although there was no significant change in grade 1 to 2 GU AEs post-RT (64.1%) relative to baseline (56.0%, P Z .21), differences did arise at 4month (72.2%, P Z .01) and 14-month (74.3%, P Z .01) AE assessment. There were no grade 3 or higher GI or GU AEs.
Variables associated with AEs
There was no association between the receipt of prior chemotherapy (P Z .49), prior LND (P Z .89), prior PF RT (P Z .16), inclusion of PA LN fields above L3/L4 (P Z .38), or inclusion above L2/L3 (P Z .92) and increased post-RT GI AEs. The median (goal planning Similarly, small bowel V45 Gy > 28 cm 3 (median) was not associated with increased GI AEs (P Z .37). None of these factors were associated with increased GI AEs at 4month or 14-month assessment (all P > .05).
Variables associated with increased acute GU AEs were also assessed. Compared with patients who had previous prostatic fossa RT, receipt of prostatic fossa RT during CholPET guided RT (24%) was not associated with increased GU AEs immediately post-RT (P Z .06), at 4-month assessment (P Z .83), or at 14-month assessment (P Z .55), although a trend toward significantly worse GU AEs immediately post-RT is evident in this limited patient subset. Receipt of prior chemotherapy was associated with increased GU AEs immediately post-RT (P Z .02), but no differences persisted at 4-month (P Z .36) or 14-month assessment (P Z .71). Salvage LND before CholPET guided RT (P Z .91) or inclusion of PA nodal fields was not associated with any further increases in GU AEs immediately post-RT or at 4-month or 14-month AE assessment (all P > .05).
Discussion
We report on a cohort of 107 patients who experienced BF of prostate cancer after RP and underwent salvage combined modality therapy involving AS with pelvic and/ or PA lymph node irradiation using 11 C-choline-PET guided SIB to sites of CholPET-avid recurrence. Patients were treated with AS consistent with current guidelines for patients who present with nodal metastases. 20 Additionally, patients were treated to the contralateral and adjacent nodal regions even if only a single CholPET-avid site was found. The rationale for this approach is based on pathologic analysis of surgical LND specimens that identify the presence of more nodal micrometastases than are evident with pcPET techniques and is consistent with recent recommendations relating to radiotherapeutic management of prostate cancer nodal recurrence. 21, 22 With a median follow-up of 16 months, the findings from this patient cohort indicate acceptably low rates of acute GI and GU AEs, particularly compared with historical series. Furthermore, no significant detriment in GI AEs was recorded at the 14-month late AE assessment. Approximately one-quarter of men will experience BF within 5 years of RP for prostate cancer, which often prompts salvage RT to the prostatic fossa. 23 Biochemical control of disease at 4 years thereafter occurs in 20% to 80%. 24 pcPET has greater sensitivity in the localization of prostate cancer recurrence compared with conventional imaging modalities and has facilitated an improved understanding of the natural history of prostate cancer recurrence. 3, 5, 6 Parker et al 6 reported on CholPETdetected recurrence patterns in patients who experienced BF after RP and post-RP RT to the prostatic fossa. At a median PSA of 1.4 ng/mL, a maximal superior extent of disease was limited to the pelvic LNs (41%), whereas an additional 22% had common iliac LNs and 20% had PA LNs. The rate of osseous metastases was <5%. These data support the observation that a subset of patients may develop a locoregionally predominant pattern of LN spread as an intermediate stage of disease progression occurring between BF and development of more distant metastases. As such, clinicians have begun to reconsider locoregionally directed treatment strategies in select patients who experience BF after primary treatment. 8, 19 Multiple cooperative group trials have evaluated the role of elective pelvic and/or PA LN irradiation in the management of patients with prostate cancer and a high risk of occult lymph node metastases and have not found a significant oncologic advantage with such treatment. 12, 13, 15, 16 However, these trials do not provide guidance on how best to manage patients with clinical or pathologic LN recurrences of prostate cancer after initial treatment. Recent and large observational series using RT and/or surgery as initial management in patients with N1 disease have reported an apparent benefit with respect to various endpoints, including recurrence-free, cause-specific, and overall survival. [25] [26] [27] [28] The use of pcPET has allowed for earlier and improved detection of LN recurrences 2,3,5,6 and provided opportunities for salvage treatment strategies using AS, salvage LND AE postoperative RT, salvage RT, or a combined-modality approach. [7] [8] [9] [10] 21, 29, 30 As suggested by Parker et al, 6 approximately 40% of patients will be identified as having LN recurrence above standard elective pelvic RT fields necessitating large salvage RT nodal treatment fields and raising concern for the morbidity of such a treatment. For instance, in our series, 71 patients (66%) underwent RT with a superior field border that included PA sites at or above the L3/L4 interspace. We identified low rates of GI/GU AEs, with an immediately post-RT grade 2 AE rate of 5%, which diminished to 1% by 14-month AE assessment, and no grade 3 GI AEs. There was a significant increase in GU AEs with time; however, it is notable that the majority of patients experienced grade 1 AEs, with a low rate of grade 2 þ AEs. We did not identify any association between the inclusion of PA nodal fields or small bowel DVH parameters and an increase in GI toxicity. Inclusion of the PF within salvage RT fields was not associated with a significant increase in GU toxicities, although a trend was noted.
Importantly, these data represent a significant improvement in the AEs reported in historical series evaluating the utility of 2-or 3-dimensional conformal pelvic RT with or without PA nodal RT for GU or gynecologic malignancies (Table 4 ), for which grade 2 þ GI AEs may range from 2% to 40%. 12, 13, [15] [16] [17] [18] We contend these differences are attributable to an improved understanding of RT dose-volume relationships that predict for GI AEs, relatively strict planning parameters, and the use of volumetrically modulated arc therapy with daily image guidance, which allowed for reductions in RT exposure to GI OARs. 11 Our institutional OAR planning parameters include small bowel maximum dose <52 Gy, V50 Gy < 2 cm 3 , V45 Gy < 150 cm 3 , and V30 Gy < 300 cm 3 , all of which tend to be more strict than consensus recommendations. 11 Twenty-five percent of patients had deviations greater than our maximum dose of 52 Gy, although data would support acceptably low rates of GI toxicity if the small bowel maximum dose is kept to less than 55 Gy. 31, 32 The greatest priority was placed on maintaining the V45 Gy < 150 cm 3 , evidenced by our median V45 Gy of 27.9 cm 3 . Two patients exceeded this constraint (151 cm 3 and 175 cm 3 ), although both were maintained at less than the 195 cm 3 suggested in published guidelines. 11 Taken together, we treated 66% of our patients with nodal fields extending above standard pelvic RT fields with an SIB to a dose of 56.25 Gy in 25 fractions to CholPET-avid sites of disease, but we did so carefully with strict adherence to small bowel dosimetric parameters as our greatest planning priority.
The most comparable reported series is that by Picchio et al, 9 which included 83 patients with CholPET-detected LN-only recurrences. Patients received elective nodal RT to the entire at-risk nodal chain (mean dose, 52 Gy in 28 fractions) with an SIB to a mean dose of 65 Gy. Sites of CholPET-avid disease were predominately pelvic (52%), abdominal (16%), and pelvic/abdominal (19%). They identified a 4.3% rate of acute grade 2 GI AEs. More recently, GETUG-P07 has reported 1-year AEs of CholPET-directed salvage RT for prostate cancer pelvic LN recurrence. Acute grade 2 GU and GI AEs were reported in 13% and 15%, respectively. 33 By 1 year, these rates dropped to 10% and 6%, respectively. Potential explanations for the higher AEs in this series is that they treated to higher RT doses of 54 Gy to the elective pelvis with an SIB to 66 Gy while also having robust AE assessments across time in the context of a prospective clinical trial. Similar to our series, they did not identify any increased acute or 1-year GI or GU AEs in the subset of patients who received RT to the prostatic fossa at the time of pelvic LN RT; however, these subset comparisons are likely underpowered. Albeit with significant patient cohort and treatment heterogeneity, the systematic reviews published by Ost et al 7 Limitations of this study include the lack of patientreported outcomes, reporting of AEs by the organ system maximum grade method rather than individual symptom indices over time, and the retrospective design without controlled comparisons of treatment with AS alone or other RT techniques. Treatments received before or after CholPET guided RT were heterogeneous. Reassuringly, no added GI AEs were identified in those who had inclusion of PA LN fields, previous RT to the prostatic fossa, previous chemotherapy, or previous salvage LND. Furthermore, despite favorable AE rates at 4-month and 14-month AE assessment, 14-month AE assessment was only available for 72% of patients, predominately because of patient loss to follow-up or limited follow-up time.
Conclusions
We report on a large series of patients who experienced BF of prostate cancer after RP with and without previous RT to the prostatic fossa and underwent salvage combined-modality therapy involving AS with pelvic and/or PA nodal RT using CholPET guided SIB. At 16 months' median follow-up, we identified low rates of acute GI and GU AEs and no significant detriment in 14month GI AEs. This study describes methods by which to treat pelvic and PA prostate cancer lymph node recurrences and may be of value in designing prospective trials evaluating this salvage treatment.
